Preprint typeset in JHEP style - HYPER VERSION 



Particle Mixing and CP-Violation 



Fayyazuddin 

National Centre for Physics and Physics department, Quaid-i-Azam University, 45320 
Islamabad, Pakistan 
E-mail: 



f ayyazuddinsOgmail . com 



Abstract: In this review, the X° — X° mixing (X° = B°,Bg,K°) and its implication 
for CP violation in the standard model are discussed. Both direct and mixing induced CP 
violation for K°(R ), B°(B ) and B°(B S ) are reviewed. 



Keywords: CP violation, Particle Mixing, Flavor Physics 



Contents 

[l]. Introduction |l| 

g. CPT and CP invariance g 

^ Particle Mixing | 

g. K° -K° Complex and CP Violation in K-Decay [Tl 

§. P° - P° Complex [16 

§. CP- Violation in P-Decays [20 

|Q| Case I |0 



6J Case II |26 
6j Case III: A/ ^ Aj ^ 



0. CP- Violation in Hadronic Weak Decays of Baryons 33 
Conclusion 35 



1. Introduction 

Symmetries have played an important role in particle physics. In quantum mechanics a 
symmetry is associated with a group of transformations under which a Lagrangian remains 
invariant. Symmetries limit the possible terms in a Lagrangian and are associated with 
conservation laws. Here we will be concerned with the role of discrete symmetries: Space 
Reflection (Parity) P: x — > —x, Time Reversal T: t — > — t and Charge Conjugation C: 
particle — > antiparticle. 

Quantum Electrodynamics (QED) and Quantum Chromodynamics (QCD) respect all 
these symmetries. Also, all Lorentz invariant local quantum field theories are CPT invari- 
ant. However, in weak interactions C and P are maximally violated. 

First indication of parity violation was revealed in the decay of a particle with spin 
parity J p = 0~, called .fT-meson into two modes K° — > it + it~ (parity violating), and 
K° —J- 7r + 7r~ 7r°(parity conserving). 

Lee and Yang in 1956, suggested that there is no experimental evidence for parity 
conservation in weak interaction. They suggested number of experiments to test the validity 
of space reflection invariance in weak decays. One way to test this is to measure the helicity 
of outgoing muon in the decay: 

7T + -)■ /i + + f M 
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The helicity of muon comes out to be negative, showing that parity conservation does not 
hold in this decay. In the rest frame of the pion, since fi + comes out with negative helicity, 
the neutrino must also come out with negative helicity because of the spin conservation. 
Thus confirming the fact that neutrino is left handed. 



7T 



Under charge conjugation, 



+ c _ 

7T T — > 7T 



+ C - 



c 



Helicity % = ^ under C and P transforms as, 



Invar iance under C gives, 
Experimentally, 



showing that C is also violated in weak interactions. However, under CP, 

which is seen experimentally. Thus, CP conservation holds for this decay. 

The CP violaton in weak interaction is not universal, does not embrace all weak 
processes unlike C and P violation. The C and P violation is incorporated in the basic 
structure of theory by assigning the left-handed and the right-handed fermions to doublet 
and singlet representations of the elecroweak group SUl{2) x Uy{\) 



UiR 

dm 



iR 




1/3 



Here i is the generation index. The weak eigenstates d' , s' and b' are different from the 
mass eigenstates d, s and b. They are related to each other by a unitarity transformation, 



(1.1) 
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where V is called the CKM matrix. 



I A 2 

2 A 

-A 



' V u d Vus Vub ^ 

v = v cd v cs v cb 
\ Vtd Vts v tb J 

A ^4A 3 (p - irf) 



l-\X 2 



\A\ 3 (1 - p - iri) -AX 2 



AX 2 
1 



+ 0(A 4 ), A = 0.22 



(1.2) 



With three generations of quarks, there is one independent weak phase as reflected with 
non zero value of rj. The unitarity of V, [Fig.l] VV^ = 1 gives 



v: d v ub + viv cd + v* d v tb = o 



J1.3) 



The second line in equation ( |1.2[ ) expresses V in terms of Wolfenstien parametrization. 
Thus, 



V cb = AX 2 



V ub 

v td 



\V ub \e~^ 



where, 



tan 7 = — = — , tan/3 



>1 



X 2 X 2 



P P 1 ~ P 

The weak angles f3 and 7 play a leading role in CP violation. However these weak angles 
are in V ub and Vtd, which connect the first generation with the third generation. Hence the 
role of j3 and 7 in K and D decays is perepheral as both K and D are bound states of the 
first and second generation quarks. 

The current in the standard model: 1 $Vy At (l — 7 5 )^j, under CP and time reversal 
transforms as 

$ i7 M(l _ 7 5)^. c 4 -r, Gu) ^7 M (1 - 7 5 )^ 
^ri(p) * i7 "(l - 7 5 )tf j 



where, 



The Lagrangian, 



■nip) 



+1, if fj,=0 
-1, if ju=l,2,3 



C w = _ 7 5 )^W+ + /i.e. 

^> ^-7^(1 -7 5 )^H/" + /i.e. 
4^(l-7 5 )^H/- + / l .c. 
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Figure 1: Unitarity triangle a + (3 + j = n,R b = \J p 2 + r/ 2 , R t = — p) 2 + rj z . 



where 

^ -V M WJ, W± 4 r? ( M ) W± 

Note that under CP, ^7^(1 — 7 5 )^j goes over to its Hermitian conjugate. The flavor 
changing part of the current is the charged current and contains the CKM matrix. The 
flavor non changing part of the current is the neutral current, CP violation is not possible 
in weak processes involving neutral currents. Similarly in the process involving the lepton 
current *'7 M (1 — 7 5 )^'-, CP is conserved. 

The following comments are in order. The quarks are basic constituent of hadrons. 
Each quark has a definite charge, definite mass and definite flavor. In a weak process, 
hadronic flavor changes. Hence the weak eigen states can be a mixture of mass eigenstates. 
With three generations of quarks, the weak eigenstates are related to the mass eigenstates 
by CKM matrix. The CKM matrix also takes care of the experimental fact, the suppression 
of weak processes from one generation to other. 

The mismatch between the weak and mass eigenstates, involve the weak phase in the 
CKM matrix. This can be a source of CP-violation in flavor changing weak processes in 
the standard model. 

In the standard model, the lepton number and the baryon number are conserved r e > 
4.6 x 10 26 yr, r p > 10 31 yr. However for leptons, there is another conservation law: the 
lepton number for each generation is separately conserved i.e. not only AL = 0, but 
AL e = 0, AL^ = 0, AL T = 0. For purely leptonic process, the limit on flavor changing 
processes \x — > ej, r — > /i(e)7 is F(n -»• &i)/V{ji -»• all) < 1.2 x HT 11 . Hence for 
charged leptons, there is a stringent limit on flavor changing processes AL e ^ 0, AL^ ^ 
and AL T / 0. Thus for charged leptons, there is no difference between weak and mass 
eigenstates. However for neutrios separate conservation of lepton number is not required, 
as a consequence neutrino mixing analogous to CKM quark mixing is possible. This results 
in neutrino oscillations. Neutrinos are stable particles, the neutrino mixing plays no role 
in CP violation. The CP violation in lepton sector will violate lepton number. Hence 
CP violation in lepton sector falls in the same catagory as CP violation required for 
baryogenesis along with AB / 0. 
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Under charge conjugation, a particle is transformed to its antiparticle. Since in the 
standard model, the electric charge, baryon and lepton number are conserved; hence for CP 
eigenstates formed from the states with Q = 0, B = 0, L = 0, AB = = AL. However 
for neutrinos, and neutral baryons, CP eigenstates would have AL = 2 and AB = 2, 
hence not allowed in the standard model. Thus only CP-eigenstates for neutral mesons 
viz X° = (K°, D°, B°, P s °) are allowed. Now under CP: 



x 



where rf^ is the CP-phase. We select rf^ 3 = —1, with this convention, the CP-eigenstates 
are 

~ . ! r . „ . n \ i 

CP = ±1 



x° 



In the weak interaction, both hypercharge and isospin are violated, so only CP-eigenstates 
can be mass eigenstates when weak interaction Hamiltonion is included in the Hamiltonian. 
When weak interaction is switched off; the mass eigenstates are and 
mass and same lifetime, a consequence of CPT theorem. To summarize 



X° ) , with same 



For X° - X° complex (X° = K°,B ,B®); the mass matrix is not diagonal in \X°) 
basis. 



and X° 



• However, assuming CP conservation, the CP eigenstates and l-X^) can be mass 
eigenstates and hence mass matrix is diagonal in this basis. 

• The two sets of states are related to each other by superposition principle of quantum 
mechanics. 



• This gives rise to quantum mechanical interference so that even if we start with a 
state \X°), the time evolution of this state can generate ~X° 
mixing induced CP violation. 



This is a source of 



• However, both in K° — K and B° — B complex, the mass eig enstates \K%), \K q l ) 
and \B° S ), \B° l ) are not CP eigenstates. 

• In the case of K° — K° complex, 



l*S> = 


\Kl) + e 




\Kl) = 


\K%) + e 


l*?> 



there is a small admixture of wrong CP state characterized by small parameter e, 
which gives rise to the CP violating decay K\ — > it + it~. This was the first CP 
violating decay observed experimentally. 

For D° — D° complex, there is no mismatch between CP eigenstates l-D?) , \D®) 

and mass eigen states; , P^ are bound states of I s * and 2 nd generations of 

quarks- antiquarks. 
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• For B° — IT" complex, the mismatch between mass eigenstates and CP eigenstates 
| ) and \B®) is given by the phase factor e 2lr ^ M where the pase factor 4>m = —(3 in 
the standard model viz. one of the angle in the CKM matrix. 



1 



\ B ° L ) = - ^ _ e 2i4> M 
V2 L 



\B°h) 



V2 



\B°) + 



D 2i<t> h 



B° 



For B° s -Tr s , there is no mismatch between CP eigenstates |-Bi s ) and \B^ S ) and the 
mass eigenstates. With three generations of quarks, no extra phase is available to 
generate mismatch between mass and CP eigensates for B® — B° s complex. 

The quantum mechanical interference gives rise to non zero mass difference Amx, 
AniB and AmB a between mass eigenstates. The mixing induced CP violation in- 
volves these mass differences. 



2. CPT and CP invar iance 



It is instructive to discuss the restrictions imposed by CPT invariance. CPT invariance 
implies, 



out 



(f\C\X) =out(/ (CPT)' 1 CCPT 



X 



= VT*VT in (/ 



(cp) f £ f (cpy 



it 



X 



(CP)' 1 C (CP) 



f 



where ""means momentum and spin of the final state are reversed; ~may be droped. Further, 
we may choose the CP phase such that 



Thus we have 
where 

Hence on using 
we get 



CP\X) = - \X) 
CP\f) = i 1 ( j p \f) 

out (f\£\X)= Vf (X\£\f). 



f * X* 

Vf = -VcpVtVt 



|/) in = 5 / |/) out = exp(2^ / )|/) i 



out 



(f\C\X) = Vf e 2iS f (X\C\J) 

= v f e 2l5f out (f\C\X) 



out 



(2.1) 
(2.2) 

(2.3) 

(2.4) 

(2.5) 



(2.6) 
(2.7) 
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A f = r] f e 2i5 fA* f (2. 



Hence finally we have 

\f = V fC >j± f 
If CP-invar iance holds, then, 

out (/ \L\ X) = ut </"|£| X> => Af = A f . (2.9) 

Thus, the necessary condition for CP- violation is that the decay amplitude A should be 
complex. In view of our discussion, under CP an operator O (x, t) is replaced by, 

0(x,t) ->■ O t (-s,t) (2.10) 

and under time reversal 

0(x,t) ^ 0(x,-t) (2.11) 
The effective Lagrangian has the structure (£> = £), 

C = aO + a*0 ] (2.12) 
C 4 aO f + a*0 
4 a*0 + aO^ 
% T a*0 ] + aO = C 

Hence, CP-violation requires a* ^ a. We now discuss the implication of CPT constraint 
with respect to CP violation of weak decays. The weak amplitude is complex; it contains 
the final state strong phase Sf and in addition it may also contain a weak phase 4>. Taking 
out both these phases, 

Aj = e^e^f \A f \ 

CPT Eq gives, 

Aj = r] f e 2i5 fA* } = r] f e~ i(t> e i5 f \A f \ 
For direct CP violation, at least two amplitudes with different weak phases are required 

A f = A lf + A 2f (2.13) 

CPT gives 

A j = e 2iSl f A* lf + e 2i52 f A* 2f 
A if = e^e^'f \A if \ 

where (6if,6 2 f), (4>i^2) are strong final state phases and the weak phases respectively. 
Thus the direct CP violation is given by 

= r(X->7)-rpr->/) 
CP r(x->/) + r(x->/) 

= 2 \ A if\ \A 2f \ sin sin 5 f 

\Aif\ 2 + \A 2 f | 2 + 2 |^2/| cos <p cos 8 f 

where 6f = 6 2 f — Sif, (/> = <j>\ — <p2 -Hence the necessary condition for non zero direct CP 
violaton is 5f ^ and 0^0. The weak phase may be a consequence of phase in CKM 
matrix. 
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3. Particle Mixing 

In |X°> - \X°) basis, 

\m) = a(t)\X°) + a(t)\X°) 

j t \m) = Mm)) 

The mass matrix M is not diagonal and is given by, 

M = m- l -F= (^-^ rn l2 -p l2 \ 

2 ym2i - §r 2 i m 2 2 - |r22 y 

Hermiticity of matrices m aa i and T aa / gives (a = a' = 1, 2), 

( m ) afl ' = ( mt ) , = ( m *)a'a i r a«' = C' 

\ / act' 

m 2 i = m* 2 r 2 i = rj 2 

CPT invariance gives, 

(X°\M\X°) = (X°\M\X°) 
mn = m 22 , Tn = T 2 2 
(X° \M\ X°) = (X° \M\ X°) : identity 



Diagonalization of mass matrix M in eq. (3J-) gives, 



mn - -In - pq = mi - -Ti 

i i 
mn - -fn +pq = m 2 - -T 2 



where, 



P A = mi 2 - -Ti 2 , q 2 = m\ 2 - -r* 2 



The eigenstates are given by, 



Xi,2) = . [p\X°) T q\X )] 



,2 | I i2 

p\ +\q\ 

From Eq (3.4), taking the real and imaginary parts, we have 

mi = mn — Rep<7 
m 2 = mn — Repg 
Ti = Tn + 2lmpq 
T 2 = Tn - 2Impq 



Thus finally we have 



Am = m 2 — m i = 2Kepq 



Let us define 



m = 


mi + m2 
2 


= "111 


AT = 


r 2 -r 1 = 


— 4Impq 


r = 


ri + r 2 




2 


q/p 


1 - e 
1 + e 






l m *12- 


2 1 12 




V m 12 " 


ir 

2 1 12 



(3.7) 



(3.8) 



(3.9) 



It follows that CP-violation is determined by the parameter 

p-q 

e = 

p + q 

Now \Xi) and \X 2 ) are mass eigenstates. They form a complete set (in units H = c = 1), 

hKi)) = a(t)|*i) + 6(t)|X 2 ) 

|^(t)>. 



r d^(t)> 



mi - |Ti 



J/: 







m 2 - 2 r 2 



(3.10) 



a (t) = a (0) exp ( —im\t — -^xt 



The solution is, 



b(t) = b (0) exp y-im 2 t - -T 2 t 

Suppose we start with the state LX" ), i.e., 

\^(0)} = \X°) 

After time t 



hK*)> 



l 2 + M 2 



2p 



1, 



exp —im\t T\t \X\) + exp I — im 2 t T 2 t \X : 



1. 



1, 



exp —im\t — -T\t + exp —im 2 t T 2 t 



1 



1. 



exp —im\t — -T\t —exp —im 2 t — -T 2 t 



1 



(3.11) 



Eq ( |3.11 ) clearly shows the particle mixing. Similarly if we start with X°) we get after 
time t 



2\q 



1. 



exp I —im\t Tit ) — exp I —im 2 t T 2 t 



1, 



exp j —im\t — —Txt\ + ex P (—im 2 t — —T 2 t 



X 1 



(3.12) 
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From Eqs. ( |3.11| ) and ( 3,12 ), we can determine X° and X° mixing. It is clear that if we 
start with X°, then at time t, the probability of finding the particles X° or X° is given by 
[using Eq ( fig )] 



|2 1 



X°\il>(t))\ = - [e~ rit + e~ r2t + 2e- rt cosAmt] 



\{x°\m] 



|2 1 



1 - e 



1 + e 



-rit , „-r 2 t 



2e" rt cos Ami] 



(3.13) 
(3.14) 



We define the mixing parameter r as 



Jo (rmt) 



dt 



j j \(x°m))\ 2 dt 



(3.15) 



where T is a sumciently long time. In the limit T — > oo, using Eqs (3.13) and ( |3.14| ), we 

get 

1 - e 



1 + e 



2 x 2 + y 2 
2 + x 2 - y 2 



(3.16) 



where x = and y = ^f-. If we start with X°, we can use Eq ( |3.12 ) then 



Jo 




2 dt 


1 + e 


2 x 2 + y 2 


Jo 


(x°\m) 


2 dt T ~^ 


1 - e 


2 + x 2 — y 2 



(3.17) 



When CP-violation effects are neglected, then 



r = r 



The asymmetry parameter a 



x 2 + y 2 
2 + x 2 — y 2 

4Ree 



r + r 1 + lei 



(3.18) 



(3.19) 



is a measure of CP-violation. We define another parameter which is also a measure of 
particle mixing. Let \ be the probability X° — > X°, then 



X 



i-x 



Thus 



Similarly, we get 



T \(x°\m)\ 2 dt 

r 

,X 



1 + r 



X - r 



i-x' 1 + r 



(3.20) 
(3.21) 
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We note from definitions, x = Am/F, y = AF/F 



< x 2 < co 
< y 2 < 1 



obviously 

< r < 1 



4. K° - K° Complex and CP-Violation in K-Decay 

Since, 

CP(ir + ir~) = (-l)'(-l)' = 1 

therefore, it is clear that, 

r. 



Ki tt + ir- 



is allowed by CP conservation. 

However, experimentally it was found that long lived K\ also decay to tt + it~ but with 

very small probability. Small CP non conservation can be taken into account by defining, 

1*5) = \l$)+e\K$) 

\K L ) = \K° 2 )+e\K° 1 ) (4.1) 

where e is a small number. Thus CP non conservation manifests itself by the ratio: 

V+ - ~ AiKs^TT+Tr-) ~ [ ' 
\r}+-\ ~ (2.286 ±0.017) x 10~ 3 

Now CP non conservation implies, 

mia / m; 2 , r 12 / rj 2 . (4.3) 

Since CP violation is a small effect, therefore, 

Immi2 < Remi2 ImTi 2 <C Rer^. (4.4) 
Further, if CP- violation arises from mass matrix, then, 

r 12 = r; 2 . (4.5) 

For small e 

q 2 /p 2 = 1 - 4e 

4e = ^ (4.6) 
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Now 



Hence 



Then from Eq. (I 



2 2 
P ,Q 



^Remi2 - -T 12 



ilmmi2 



1± 



Hmmi2 



Remi2 — §Ti2 



2 (Rem 12 - |r 12 ) 

ilmmi2 
(m 2 - mi) - i (r 2 - Ti) 

up to first order, we get, 

Am = m 2 — mi — > rriKr ~ m KQ 



AT 



m 2 — mi 
2Rem 12 
T 2 - Tx = T L 



2T 



(4.7) 



12 



(4.8) 



Now, 



Hence from Eq. ( p.ll 



Am 
AT 



m L - m s 



T s = — = 7.367 x 1(T 12 MeV 

rs 



t s = (0.8935 ± 0.0008) x l(T iU s 



AT 

m L 



h_ 

TL 



1.273 x 10~ 14 MeV, 



t l = (5.17 ±0.04) x 10" 8 s 

-r s 

i . 

m H — Am 
2 

1 . 

ms = m — -Am 



ft ( t )) « - e ^mt 



if ) 



Therefore, probability of finding K° at time t (recall that we started with K°), 



P(K°^K°,t) = \{K°\iP(t))\ 



-r s t 



2e"^ rs *cos(Am)t 



1 / 1 

7(1 + e~ t,TS - 2e'^ t/TS cos (Am) t 



(4.9) 



(4.10) 



(4.11) 
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If kaons were stable (ts — > oo), then, 



P (K° -»• if , t) = - [1 - cos (Am) t] 



(4.12) 



which shows that a state produced as pure Y = 1 state at i = continuously oscillates 
between 1" = 1 and Y = — 1 state with frequency oj = and period of oscillation, 



2vr 



(Am/h) ' 

Kaons, however, decay and their oscillations are damped. 

By measuring the period of oscillation, Am can be determined. 

Am = m L - m s = (3.483 ± 0.006) x 10~ 12 MeV. 
= 04TT, 



(4.13) 



(4.14) 
(4.15) 



Such a small number is measured as a consequence of superposition principle of quantum 
mechanics. 

Coming back to CP-violation, 

ilmmi2 



£ = 



tan <f> e 



e = \£\e rE 
Am-iAr/2 1 1 

-2Am/Ar = Am/r 5 - T L 

2 x 0.474r 5 

0.998r 5 

(j) £ = (43.51 ±0.05)° 

(2.228 ±0.011) x 10~ 3 



(4.16) 



(4.17) 
(4.18) 



So far we have considered CP- violation due to mixing in the mass matrix. It is important 
to detect the CP- violation in the decay amplitude if any. This is done by looking for a 
difference between CP-violation for the final 7r°7r° and it + it~ states. Now due to Bose 
statistics, the two pions can be either in I = or I = 2 states. Using Clebsch-Gordon 
(CG) coefficients, 



Now CPT-invariance gives, 

A(K°- 
A(K° 



7T + 7T ) 

> 7r°7r°) 



1 

i 

71 



i 

71 
i 

71 



iS-2 



V2A e i5 ° + A 2 e 
A e i5 ° - s/2A 2 e iS2 

V2A* e iSo + A* 2 e i&2 
A* e iSo - V2A* 2 e iS ' 2 



(4.19) 



(4.20) 



The dominant decay amplitude is Aq due to AI = 1/2 rule, l^/^ol — 1/22. Using the 
Wu-Yang phase convention, we can take Aq to be real. Neglecting terms of order ^Re^- 
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and elm-^, we get, 



Voo = \voo\ e^ 00 ^ e 



e + e' 
-2e' 



(4.21) 



where, 



V2 A 



(4.22) 



Clearly e' measures the CP-violation in the decay amplitude, since CP- invariance implies 
A2 to be real. 

After 35 years of experiments at Fermilab and CERN, results have converged on a 
definitive non-zero result for e', 



R 



%0 


2 


e - 2e' 


V+- 




e + e' 



e' < e 



Re (e'/e) 



1-* 

e 

l-R 
6 



(1.65 ±0.26) x 10 



1 - 6Re (e'/e) 



-3 



(4.23) 
(4.24) 



sin(0 OO - 4>+-) = 3Re(e'/e) tan(0 e - fa) (4.25) 
This is an evidence that although e' is a very small, but CP- violation does occur in the 



decay amplitude. Further we note from Eq. (4.22) 



4> e > = $2 - So + \ « 42.3 ± 1.5° 

where numerical value is based on an analysis of tttt scattering. The experimental values 
of CP-violation parameters are as follows 



|r/ + _| = (2.233 ±0.010) x WT A 
|?7oo| = (2.222 ±0.010) x 10~ 3 



(4.26) 



(43.4 ± 0.007) c 
(43.7±0.008) c 



(4.27) 



CPT invariance predicts (Cf Eq. 4.25| ) 



^00 



3Re(e'/e) 



(4.28) 
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We now discuss the CP-asymmetry in leptonic decays of kaon. 

AS_ = 
AQ 

K + ->• VT° + l + + VI 

K° -»• vr" + Z+ + ^ = / 

i?° -)• vr+ + r + F Z = /* CPT 
AS 



AQ 

K° -»• vr + + r + F Z = 5* 
F° ->■ 7T _ + Z+ + f/ = 5 CPT 



A(K° L -)> vr" + Z+ + *j) = i=[(l + e)/ + (1 - e)g] 

-> vr+ + r + 17,) = -L[(l + e ) 5 * + (1 - e )f*] 
The CP-asymmetry parameter Si : 

r(K£ -> TT-Z+Z/i) - T(Kl -»• TT+Z-I/j) 



2Ree[|/| 2 -| 5 | 2 ] 



" l/| 2 + | 5 | 2 + (/5* + /*5) + 0(e 2 ) 
In the standard model = — 1 transitions are not allowed, thus g = 0. Hence 

5j « 2Ree = (3.32 ± 0.06)10~ 3 [Expt. value] 
From Eq. ( 4,16| ), we get 



(4.29) 



2Ree = 2 |e| cos 4> e 

which gives on using expermintal values for |e| and <j) e 

2Ree = (3.23 ± 0.02 x 10~ 3 ) 

in agreement with the expermimental value for Si. The experimental value of Si shows the 
internal consistancy of the standard model and the CPT invariance. 
Finally we discuss CP-asymmetries for K — > 3vr decays. The decays 

K + -»• vr + vr°vr°, vr+vr+vr" 
K — > vr vr vr , vr vr vr 

are partiy conserving decays i.e. the parity of the final state is —1. Now the C-partiy of 
vr° and (vr + vr - );/ are given by 

C(vr°) = 1, C(vr+vr-) = (-1)'' 
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and G-parity of pion is —1. Thus 

C-T\TT 7T 7T > = — |7T 7T 7T > 

CP\tt + tt'tt° > = (-l)^ 1 !^"^ > 
Hence CP-conservation implies 

K% -»• vrW allowed. 
-»• vrW is forbidden. 

7r + 7r 7r allowed if /' is odd. 
— >■ 7r + 7T _ 7r° allowed if l' is even. 

Now G-partiy of three pions 7r + 7r~7r : 

G = C(-l) 7 = (-lf +I = -1 
Hence I' = even, /(odd); / = 1,3 
I' = odd, /(even); I = 0,2 

Only /' = decays are favored as the decays for I' > are highly suppressed due to 
centrifugal barrier. Hence Kf — > 7r + 7r"7r° is highly suppressed. Thus we have to take into 
account 7 = 1,3 amplitudes viz a\ and 03. 1 = 3 contribution is expected to be suppressed 
as it requires AI = | transition. 

Hence CP-asymmetries of K° — > 3tt decays are given by 

A(K S -> 7r 7r°7r°) (en - a?) + e(d + a?) [ilmai + eReai] 

'/in 11 1 



A(i^ L ->■ 7T 7r 7r°) (ai + a*) + e(ai - a*) Reai + Mmai 
.Imai 



e + 7 



Rea 



1 

^(K 5 -> tt+tt-tt ) Imai 
A{Kl — >■ 7T+7T 7r u ) Reai 

5. B° -B° Complex 

For P° (q=d or s) we show below that both 77142 and F± 2 have the same phase. Thus, 

mi2 = |mi 2 | e~ 2i</>M 

Ti 2 = |r 12 | e - 2 ^ (5.1) 

I r 12 1 < |mi2| 
p 2 = e" 2 ^ M [|mi 2 | - i |r 12 |] ^ \m 12 \ e~ 2i * M 

q 2 = e +2i<t>M [\m l2 \ - i \F 12 \] ^ \m 12 \ e 2i<t>M (5.2) 

q/p = e - 2 ^M (5.3) 

2pq = 2 \m 12 \ = (m 2 - mi) - -{F 2 - Fi) 

=>■ A777y3 = (l772 — mi) = 2 1 77112 1 (5-4) 

Ar = r 2 - Ti = o 



- 16 - 



w 



v tb 



(WVWW 



t „ 



AAAAAAAi 



*6 



w 



d 



r 



Vtb 



d 



W 



w 



tb 



y* 

v tq 



Figure 2: Box Diagrams 



For B d :4> M = ~P 
For B s : M = 

The above equations follow from the fact that, 

m 12 -ir 12 = (B° q \H* B f = 2 \B° q ) 

H^ =2 induces particle-antiparticle transition. For B q — > B q , H^ =2 arises from the box 
diagram as shown in Fig. 2, where the dominant contribution comes out from the t— quark. 
Thus, 

mia cx (V tb ) 2 (V tq ) 2 m 2 

Now, 

r 12 <xJ2( s °\ H w\f)(f\H w \B°) 

f 

where the sum is over all the final states which contribute to both B q and B q decays. Thus, 

Ti2 oc (V cb V c * q + V ub V: q ) 2 m 2 b oc (V tb ) 2 (V tq ) 2 m 2 
Hence we have the result that, 



12 1 rn b 

~ — g 

mi 



\m 12 \ 
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Now B° d 



transition: 



(Vtb) 2 (V t * d ) 2 = A 2 X 6 {i + P r + n 



\2 i J2 



Hence, 



mi2 = \mi2\ e 



2i6 



Ti2 = I r 12 1 e 



2i;3 



4>M = -P 



On the other hand, B s 



_v rO 



B]! transition: 



2\4 



(v»y (v*y = \v ts \<*A'\ 



(5.5) 



m 12 = \m 12 \ , r i2 = |r 12 | 
(j> M = 



Also we have, 



Am Bs \m\2\ 



1 



Am Bti |mi 2 | d x 2 



(l-pf + t 



■e « 34£ 



(5.6) 
(5.7) 

(5.8) 



where £ is SU(3) breaking parameter. The numerical value is obtained using the experi- 
mental values A = 0.225, p = 0.132, fj = 0.341. 

Hence it follows from Eqs. ( |3.6[ ), ( |5.2[ ) and (5.3) the mass eigenstates B^ and 5^- can 
be written as: 



0\ , „2i<£ M I_g0 



CP = +1, (j)M — >■ o 



5 U +e 



CP = -1, 



(5.9) 
(5.10) 



In this case, CP violation occurs due to phase factor e 2l ^ M in the mass matrix. 



Now one gets (from Eq. (|3.11[) ), using Eqs.fyj), (U) and (|5.10|) , 



|B°(t); 



Am 



t) B l 



e 2 s cos 



-*e+ 2 ^ S in( ^i] |P° N 



(5.11) 



Similarly we get, 



|B°(t)) 



e-^e-^<!cos(^ll^ 



-, (3 - 2i ^sin( — t) |S 0N 



(5.12) 
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Suppose we start with B viz \B° (0)) = \B°), the probabilities of finding B° and B° at 
time t is given by, 

?0i D / + \\|2 



P(B°^B°,t) = \(B°\B°(t)) 
P(B° -> B°, t) = \(B \B°{t)} 



\e~ Vt (1 - cos(Am) t) 



= 7^e~ Ft (1 + cos(Am)t) 

These are equations of a damped harmonic oscillator, the angular frequency of which is, 

Am 



X 



H 

Now the mixing parameter, 

J? \(B°\B° (t))\ 2 dt 

\{B°\B° {t))\ 2 <* l ~ x 

^ (Am/F)2 2 = (5.13) 
2 + (Am/r) 2 2 + x 2 v 1 

Experimentally, for B® and B®, 

Aijido = (0.507 ± 0.005) x lO 12 ^" 1 = (3.337 ± 0.033) x 10~ 10 MeV 

d 

t b o = (1.525 ±0.009) x 10~ 12 ,s (5.14a) 
Am B o = (17.77 ±0.12) x 10 12 fe _1 = (117 ±0.8) x 10~ 10 MeV 

r B o = (1.472±8:88H) x 10" 12 S (5.14b) 
/ Am B o\ 

x d = — — ± = 0.77 ± 0.008 (5.14c) 

V T B° d J 

I Am do \ 

x s =\— — s -)= 26.2 ±0.5 (5.14d) 



Non zero values of Xd and x s clearly show mixing between B q , Bq(q = s, d). The large 
value of the x s compared to Xd is inconformity with Eq. ( |5.8| ). 
From Eq. fl5.11| ) and ( 5.12[ ), the decay amplitudes for, 

B° (*)-►/ A f (t) = (f\H w \B°(t)) 

B° (*)-►/ Af(t) = (f\H w \B°(t)) (5.15) 



are given by, 



,!.,(/) e - imt e- l 2 rt \ca S (^t) A f - ie +2i ^ sin (^t ) A f \ (o.iG) 



Aj (t) = e - imt e--2 Vt \ cos ( ^t) A f - ie~ 2i ^ sin ( ) Aj \ . ( 5. 1 7 ) 
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From Eqs.( |5.16 ) and ( 5.17 ), we get for the decay rates, 



I>(i) 



r,-(t) 



-rt 



I l \ \ I , I ^l 2 \ , 1 l\ A 12 



L4y 



cos Ami 



■| f 2iIme 2 ^ M A*A / J sin Ami 



-rt 



Ki^/i 2 



cos Ami 



+§ (2iIme 2 ^A^4jJ sin Ami 



(5.18) 



(5.19) 



For T j and T j change / — > f and / — > / in Tf and T j respectively. As a simple application 
of the above equations, consider the semi-leptonic decays of B°, 



B° 
B° 



l + vX : f for example X = D 
rvX + : f for example X + = D + 



In the standard model, B° decay into l + vX and B° decay into / uX + is forbidden. Thus, 

A? = 



A, = 0, ^ 

1 , . ,2 



-rt 



A/| (1 + cos Amt) 



-rt 



1 



e |Aj| (1 — cos Amt) , v | Aj\ 



\Ai 



Hence, 



f °°r f (t)dt 



f °°r f (t)dt 2 + xl 



(5.20) 



(5.21) 



Non zero value of 5 would indicate mixing. If, however, Af ^ and Aj ^ due to some 
exotic mechanism, then 5^0 even without mixing. Thus 



r^-x^ 



Xd 



r( M +x-) + r( M -x+) i + r d 

= 0.172 ± 0.010 (Expt value) 



(5.22) 



which gives, 



x d = 0.723 ± 0.032 
in agreement with Xd given in Eq ( 5.14cj ). 



6. CP- Violation in P-Decays 
6.1 Case I 

In this section, we discuss the CP-violation for B — > f, f where 

\f)=CP\f) = \f) 
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For this case we get, from Eqs. (|5.16|) and ( [5.17 ), 

A {t ) = =cos(Amt) (\ A ] 2_\ A \ 

/V ' T f {t) + T f {t) V 'V n 1/1 

-asm (Ami) (e 2i< f> M A* f A f - e'^'AfAfj / (\A f \ 2 + \Aj 

(6.1) 

= cos (Ami) C f + sin (Ami) S f (6.2) 



1 - 




2 /\A f \ 2 


1 + 







where, 

This is the direct CP violation and, 

21: 

)f = — 

1 + |A| 



■ " B • - TTlAp a "a7 (6 - 3) 



2Im (e 2i ^ M A) 



is the mixing induced CP-violation. 

If the decay proceeds through a single diagram (for example tree graph), Af/Af is 
given by CPT, 

X = ±1 = II ' = e W (6.5) 

where <p is the weak phase in the decay amplitude. Hence from Eq. (|6.1|), we obtain, 

A f (t) = sin (Ami) sin (2cf) M + 20) (6.6) 
In particular for the decay (Fig 3), 

B°^J/i>K s , <P = 
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we obtain, 

■AifiKs if) = sin (24>m) sin (Ami) = — sin 2/3 sin(Amt) (6-7) 



and, 



/ °° [T f (t) - T f (t)] dt 

j-[r f (t)+r f (t)]dt 

, (Am/r) . . 

^ = - sin (2/3) -j 7 (6.8) 
1 + (Am/1 ) 

Experiment : (-^J = 0.776 ± 0.008 (6.9) 



.A/,^ has been experimentally measured. It gives, 

sin 2/3 = 0.678 ±0.025 

Corresponding to the decay B° — > J/ipK s , we have the decay B® — > J/ipcfi. Thus for this 
decay 

A jj^ = ~ sin 2 & sin(Am Bs t) (6.10) 

^ = - Bm2/? ' l + (Am fl ./r.)* (6 - 11} 

In the standard model, /3 S = 0, .Aj/^,^ = O.This is an example of CP-violation in the mass 
matrix. Non zero value of Aj/^ will be a signal for physics beyond standard model. We 
now discuss the direct CP-violation. 

Direct CP-violation in B decays involves the weak phase in the decay amplitude. 
The reason for this being that necessary condition for direct CP -violation is that decay 
amplitude should be complex as discussed in section 1. But this is not sufficient because 
in the limit of no final state interactions, the direct CP- violation in B — > f, B — > f 
decay vanishes. To illustrate this point, we discuss the decays B° — > tt + it~. The main 
contribution to this decay is from tree graph (see Fig. 4a); But this decay can also proceed 
via the penguin diagram (see Fig. 4b). 

The contribution of penguin diagram can be written as 

P = VubV: d f (u) + V cb V c *J (c) + V tb V*J (t) (6.12) 

where f (u), f (c) and / (t) denote the contributions of u, c and t quarks in the loop. Now 
using the unitarity equation ( |1.3[ ), we can rewrite Eq. ( |6.12j ) as, 

Pc = V ub V: d (f (n) - / (t)) + V cb V: d (/ (c) - / {t)) 
or P = V ub V* d (f (u) - f (c)) + V tb V t * d (f (t) - f (c)) 

(6.13) 

Due to loop integration P is suppressed relative to T but still its contribution is not 
negligible. For the decay B° —>•/(/ = it + it~) the decay amplitude is given by 

Af = A (B° -> vr+vr-) = \T\ e K-7+«5 T ) + | P | e i{4>+5p) ( 6 . 14 ) 
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where 8t and 5p are strong interaction phases which have been taken out <f> is the weak 
phase in Penguin graph. CPT invar iance gives, 



A f = A (B° -»• 7T+7T-) = |T| e-^-T-^) + |P| e 



i(cf>-Sp) 



Direct CP-violation asymmetry is given by, 

-r (B° -> VT+TT-) + T (B° 7T+7T-) 



T (P° -»• vr+vr-) + r (5° -»• Tr+vr 
1-|A| 2 



i+iAr 



For the second choice, 



.15) 



(6.16) 



\Vtb\ \Vtd\ 

\v ub \ \v ud \ 



{l-pf + rj 2 _Rt\P t \ 
\Jp 2 + rj 2 R b \T\ 



(6.17) 



= \T\e^e i5T [l-re 
8 = 5p — St 



i(a+5)i 



Hence we get, from Eqs flg^) , flOD , JOp and flOD 

2r sin S sin a 



5^ 



CP 1 — 2r cos 5 cos a + r 2 
sin 2a — 2r cos 5 sin a 



sin 2a + 2r cos 5 sin a cos 2a 



1 — 2r cos 5 cos a + r 2 
From Eqs. fl6.3|), ( |6.17| ) and ( |6.18 ), we can express S^^- in the form 

1 



1-C 2 + _^Im[e- 2i/3 A] 

7T+7T | A | L J 



l-C 2 



l-C 2 +n _ sm[2a + 5, 



where we have put 



A 



\A 



For B 



o 



A/ | A/ 1 

,P + — > 7r + 7r the decay amplitudes are given by, 

1 



TO 



ttV) 



V2 



,t 77 ) - -^iTle^ 7 
V2' 



yl(P L 
A(B H 



IT I e i(5r e* 7 



r e «<5cT _ re i(at+8) 



1 + r c e l 



(6.18) 
(6.19) 



(6.20) 



(6.21) 
(6.22a) 



(6.23) 
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Thus 



Figure 4: Tree and Penguin Diagrams 



A CP 



C n O n O - -Aqq - 



—2r/rc sin(5 — Sct) sin a 
1 + r 2 /r^ + 2r/rc cos(5 — Sct) cos a 



sin 2a + 2r/rc cos(5 — 5qt) sin a 



1 + r 2 /r c + 2r/rc cos(<5 — (5cr) cos a 
Experimental values for CP- asymmetries are 



(6.24) 
(6.25) 



0.38 ±0.17, S n+7V - 



-0.61 ±0.08 



For B°(B ) -»• ^+7r-(^-7r+) decay CP|/) = |/) / |/). For this case only direct CP- 
violation is possible. It is easy to see that the decay amplitude can be expressed in the 
following form 

A(B° -»• K~tt + ) = T + P = \P\e iSp [1 + re l{ ^-^) 
A{B° -»• K + TT~) = \P\e iSp [l + re^'- S) ) 
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where 



5p — 5t 

I Kb I IK, 



Hence 



A C p(K + tt~ 



\V cb \\V cs \ \P 
-2r sin 7 sin 5 



1 + 2r cos 7 cos 5 + r 2 



0.089 ± 0.013 (Expt value) 



Finally it is convenient to write, from Eqs.( 5~T8| ) and ( |5.19| ), the decay rates in the 
following form, 



[T f (t)-f f (t)] + [T f -T f (t)] 



-it 



|cos Amt 
+2 sin Amt 



At 



\ A f 
\f A f 



+ [\Ai 



j iri ( e 2i<t,M A%Af ] + Im ( e*i*-4 ; - 



(6.26) 



[!>(*) + !>(*)] - [r 7 (i) + f>(i)] 



cos Amt 



A,| a + M |2 



+2 sin Amt 



Im ( e 



A f\ 2 + \ A f\ 2 



Im [ e 2i<f>M AjA f 



(6.27) 



We end this section with the following remarks. The CP asymmetries in the hadronic 
decays of B, B s and K mesons involve strong final state phases. The strong interactions 
effects at the quark level are taken care of by perturbative QCD in terms of Wilson coef- 
ficients. The CKM matrix which connects the weak eigenstates with mass eigenstates is 
another aspect of strong interactions at quark level. In the case of semi leptonic decays, 
the long distance strong interaction effects manifest themselves in the form factors of final 
states after hadronization. Likewise the strong interaction final state phases are long dis- 
tance effects. These phase shifts essentially arise in terms of S-matrix which changes an 
'in' state into an 'out' state viz. 



\f)in = S\f) 



out 



2iS, 



\f) 



out 



(6.28) 



In fact, the CPT invariance of weak interaction Lagrangian gives for the weak decay 
B(B) /(/) 

A f = out {f\C w \B) = Vf e 2iS fA f * (6.29) 

It is difficult to reliably estimate the final state strong phase shifts. It involves the hadronic 
dynamics. However, using isospin, C-invariance of S-matrix and unitarity of S-matrix, we 
can relate these phases. In this regard, the decays B° — > /, / described by two independent 
single amplitudes Af and A!j discussed in section 6.2 and the decays described by the weak 
amplitudes Af 7^ Af-, described in section 6.3 are of interest 
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The C invariance of S-matrix viz. Sj = Sf would imply 



5 f = 5'p 5 lf = 5 lf ~, S 2 f = S 2f - 

In the above decays, b is converted into b — > c{u) + u + d. In particular, for the tree graph, 
the configuration is such that u and d essentially go together into color singlet states while 
the third quark c(u) recoiling; there is a significant probability that system will hadronize 
as a two body final state. Thus at least for the tree amplitude 5j = 5j « 0. 

6.2 Case II 

In this section we first consider the case in which single weak amplitudes Af and A'f with 
different weak phases describe the decays: 

A f = (f\C w \B°) = e^F f 

A f = A'f = (f\C' w \ B°) = e^' F f (6.30) 

CPT gives, 

A f = (f\£ w \B°) = e 2iS fA* f 

A f = A' f = (f \C' W \ B°) = e i5 'fA*j (6.31) 

For these decays, only mixing induced CP-asymmetries are possible. Note <5/ and 8'j are 
strong phases; <fi and <p' are weak phases. The states \f > and \f > are C-conjugate of each 
other such as states £>W-7r + (DW+7r-), D { * ] ~ K + (D^ K~), D-p + {D + p-) 
For this case 



2 \ F f\\ 


F'-\ 






| 2 + 




2 



A (t) = g — 2 sm ^ m * sm (20M — 4> — 4>) cos ((5/ — 5'j) 

Z7 1 . I TP-\ ■' 



5.32) 



\F f \ 2 - IF'J 2 



, f\ 

T (t) = 5 - '» cos Amt 

\ f a +ini 



2^/11 


F'-\ 
/I 




\ F f 


| 2 + 


\F'- 


2 



— sin Amt cos (2<f)M — 4> — <j>) sin ((5/ — <5j) 



(6.33) 

We now apply the above formula to B — > ttD and B s — > KD S decays. For these decays, 

= 0, 0' = 7 



4>M 



-(3, for £° 
-P„ for B° 
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Thus 



A f = {D-ir + \£ w \B°) = F f 



A' T = {D+TT- \C W '\ F° N 



7 



f 



A f , = {K+D-\C w \B°)=F fs 
A' h = (K-Dt\C w '\B° s ) = e^F' f - s 

Note that the effective Lagrangians for decays (q = d, s) are given by, 

C W = VcbV: q [<tf (1 - 75) u\ [c 7m (1 - 75) b] 
Av' = V ub V c * q [ff (1 - 75) c] [u lfl (1 - 75 ) b] 

respectively. In the Wolfenstein parametrization of CKM matrix, 

\V ub \ \v cq \ 



I Kb I IK 



uq 



(A , l) Rb, q = d, 



Define, 



If'- I \f'- 

r = \ 2 R b [4\,r s =R b \ 



fs 



F'J 



\ F f\ \ F f. 

Thus, we get from Eqs. ( |6.32 ) and (6.33) for B° decays, (replacing by 

\ F f\ 

2r 



A(t) 



Zr ( 

tt sin Amst sin (2/3 + 7) cos [5f — 6 f 

l + r z \ 1 



cos Am Bt — - — ; — ^ sin Am #i cos (2/3 + 7) sm ( $f ~ 



l + r 2 



l + r 2 



For the decays, 



we get, 



As (t) 



B° s (B° s ) -+ K-Df (K+D-) 
S° (F°) K+D- (K-Df) 



2r s ( 
- —3 sin(Am Bs t) sin (2/3 s + 7) cos (^<5/ s - 5j 



2r 
"+ 

1 _ r 2 

l + r? 



cos ArriB a t 



2r s 
l + r; 



■ sin Am # s i cos (2/3 s + 7) sin ( 5 y 



We note that for time integrated CF- asymmetry, 



The CP-asymmetry A s (t) or A s involves two experimentally unknown parameters sin (2/3 s + 7) 
and ArriB s ■ Both these parameters are of importance in order to test the unitarity of CKM 
matrix viz whether CKM matrix is a sole source of CP-violation in the processes in which 
CP-violation has been observed. 

From Eqs.( |6.36 ) and ( |6.37| ), we note that CP-asymetries: 



S+ + S- 
2 

S-L. — S— 



2r 



1 + r 2 
2r 



sin(2/3 + 7) cos(5f — 5j) 



involve the weak phase 2/3 + 7 an d strong phase 5r — 6L. For B® , replace r 



(6.41) 
(6.42) 

-+8< 



f — Oj. ror n~, replace r —r r s , Sf —>■ of s 

0. The decays B — > ttD,ttD* , pD and 

KD s ,ttD*, K* D s are described by tree amplitudes (see Fig 5). For tree graphs, we 

assume factorization, factorization implies 5t = 5^ = hence we have 

J j 



5j = 5j and (5 by j3 s . In the standared model /3, 
P., 



S+ + S. 
2 

S+ -S- 



2r 



1 + r 2 




sin(2/3 + 7) 



.43) 
.44) 



The experimental values for these asymmetries are 
S + + S_ 



2 

S-L — S- 



-0.037 + 0.012 B° - 

-0.046 ± 0.023 B° 

-0.006 ± 0.016 B° - 

-0.022 + 0.021 P° 



> D~ir + 

► D-TT+ 



(6.45) 
(6.46) 



Equation ( |6.44| ) is consistent with experimental values. Factorization gives for the decay 



IP 



/ 



l),2Um B \p\A^ 



IP 



G[fn(m 2 B -m 2 D )f { 

G'[f D (m%-ml)f*-*(m 2 D ),2f D *m B \p\l 



71 

7l 

C =%Kd||yc6|ai, C = ^iV^HKftl 



B ~ D * (ml), 



From the experimental branching ratios, the form factors A Q ( m i) and / 
be obtained. In terms of the form factors in HQET, 



B-D 



(6.47) 
(6.48) 

(6.49) 
(m 2 ) can 



fo(t) 
A (t) 

A(t) 



^m B m D ( 

ms + m D 
m B + m D * 
2^/m B m D * 
yJm B m D * 

m B + m D * 

2 1 2 
m B + m D * 



1 + w)/i (w) 

:/UoM 
■(l+w)^!^) 

— 2m B m B >* 
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b,b s y_ 



d,s 



d,s 



it 




D". D s 



Figure 5: a) Tree diagrams for B°(B° S ) — > D + tt (DfK ) b) Tree diagrams for B^(B° S ) 
D-<ir+(D-K + ) 



we get 

M"W) = 0.51 ± 0.03, h Ao « ax ) = 0.54 ± 0.03 
to be compared with the value 

1^(^)1 =0.52 ±0.03 



(6.50) 



(6.51) 



obtained from the analysis of semi-leptonic decay B° — > D^ + l~Vi. The agreement between 
the wo values is remarkable. Hence the factorization assumption for B° — > irD^ decays is 
experimentally on solid footing and is in agreement with HQET. 
From Eqs. fl6T47|) and ( |6~48|) , we obtain 



r = X 2 RM 
\J-f\ 



X 2 Rh 



fp(m%-ml)f^(ml) ^TKO 
/.(ml - ml)ft D {ml) ' f^~ D ' {ml) 



Using the value of r obtained from ( |6.52| ) one gets 

'S+ + S- 



2(0.017 ±0.003) sin(2/3± 7 ) 



(6.52) 



(6.53) 



D* 
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Using the experimental value of the CP asymmetry for B° — > D*-k decay which has the 
least error, one gets the following bounds 



sin(2/3 + 7) > 0.69 

44° < (2/3 ± 7) < 90° 
or 90° < (2/3 ± 7) < 136 c 

Selecting the second solution, and using 2/3 ~ 43°, we get 

7 = (70 ± 23)° 



(6.54) 
(6.55) 
(6.56) 



(6.57) 



To end this section, we discuss the decays B® — > DfK~, D* + K~ are for which no experi- 
mental data are available. Howevere using factorization and SU(3) one gets the following 
branching ratios 



F(B S ° -> Di* )+ K- 



(1.94 ±0.07) x 10 _4 [(1.96 ±0.07) x 10 -4 ] 



and 



S+ + S. 



(0.41 ± 0.08) sin(2/3 s + 7) 



(6.58) 



.59) 



D*K 



In the standard model with three generations of quarks f3 s = 0. This asymmetry is of 
spacial interest to test the physics beyond standard model. The experimental results for 
these decays will be relevant not only for the standard model but also for physics beyond 
standard model. 



6.3 Case III: Af ^ A 



f 



A f = (f\C w \B°) 
A f = (f\C w \B°) 



2/ 



Examples: 



CPT gives, 



B" 



p-7r + (f) : A f 



e l(t>l F lf + e^ 2 F 2 f 
" P'r. (f } :A f 



B L 



B° K*-K + B® -> K*+R- 



Ai 



e ifJF* 



i 

For these decays, subtracting and adding Eqs. ( |6.26| ) and ( 6.27 ), we get, 
T f {t)-t f {t) 

, ; ; ; =C 7 COS AlJlt + Sf Sill Amt 

Tf-(t)+T f -(t) * * 

=(C + AC) cos Amt + (S + AS) sin Amt 



.60) 
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r (t) — r (t) 

_ , . . . =Cf cos Ami + Sf sin Ami 

r^ + r^) ' ' 

= ((7 - AC) cos Amt + {S - AS) sin Ami (6.61) 

For these decays, the decay amplitudes can be written in terms of tree amplitude e l( ^ T Tf 
and the penguin amplitude e l ^ p Pf. We confine to decays: 

B° -> p-ir + :A f ; B° -»• p + 7T~ : Aj; T = 7, P = -/3 (6.62) 
Hence for jB° — > p~ir + , —J- p + 7r , — )■ p 7r + , we have 



(6.63) 

where = SS^f = f b \^y\ (6 - 64) 

In order to take into account the contributions of tree and penguin diagram, we introduce 
f f 

the angles oi e 'ff > defined as follows 



A f = 


\T f \e-^e 


S J[1 - 






A f = 


\T f \e-^e 


s ni- 








\v tb \\v td \ 


\ P fj\ 


Rt 


p fj\ 


r fJ = 


\v ub \\v ud \ 


\ T f,f\ 


R b 


T fj\ 



e^A f f = \A ff \e- ia e/f 



7,/ ~ 1^7,/ 1 

e-^Ajj = \A fJ \e ia *tf (6.65) 
With this definition, we separate out tree and penguin contributions: 

a %Q ~a 1 a 1 icz^ ' 1 ~a 1 io* 

e A fJ~ e A F,f = \ A fJ\ e ~\ A f,p e 

= 2iTfjsma (6.66) 

e< a+ ^A f j-e- i( - a+ ^A f>f = \A fJ \e- i{a *ff- a) - \A fJ \e i{a ^f- a) 

= (2iT f jsma)r f je i6 fJ 

= 2iP f jsma (6.67) 

From Eqs. ( |6.66| j and ( ]6.67| ) , we get 

2 \T f f -| 2 sin 2 a (6.68) 



R fJ 



1- Vl-Ag 2 cos(2a{/ /; 



r), l-Vl-^g^/-^) (6 . 69) 
1 - A f / P 2 cos 2a{^ 



cos a - y 1 - vl££ 2 cos(2a f e '/ f - a) 
rfjcosbfj = = ^ (6.70) 

l- A /l-Ag 2 cos2«f/ / 
—AUU sin a 

»-/./8in% = ; = ( 6 - 71 ) 



f f 2 f f 

^(7P COS ^ a eff 



S fJ = Jl-Cj jS m(2a{'/ f =F 5) (6.72) 
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where the phase 5 is defined as 



\A 



/ 



Thus one sees it is convenient to analyse these decays in terms of ot^j. From Eq. 
we get 



sin 25 J j = -A^ p - 



sin 2a 



eff 



1 — A-jjp 2 cos 2a 



f,f 

eff 



cos 2<5j j 



1 - A-^jp 2 - cos 2a{j f 



l-^/l-A f /p 2 C os2a f e f f 



Now factorization implies 
Thus in the limit 5j — > 0, we get from Eqs. ( |6 . T4j ) 



sj = o = sj 



f f 

cos2a]J^ = — 1, 
and from Eqs. ( j7r| ), (IsTrTI) and (16?^ ) 



o& = 90° 



r ^ j cos Sf f = cos a 



-j4pp sin a 



l+\l-A 



/,/2 
CP 



2 1 + V 1 - A f / P 2 cos 2a 
''/•/ = 



l+\ 1-A 



f,f2 
CP 



Finally the CP asymmetries in the limit <5jj — > 



S f = S + AS 



1 — Cj cos S 



S f = S - AS = Jl-C 2 f cos5 



For B°(B°) — > p tt + ,p + tt (p + ir ,p , 7r + ) decays the experimental results are 

r = R f + R f -= (22.8 ± 2.5) x 10~ 6 
A f cp = -0.16 ±0.23, a£ p = 0.08 ±0.12 
C = 0.01 ±0.14, AC = 0.37 ±0.08 
5 = 0.01 ± 0.09, AS" = -0.05 ±0.10 



(6.73) 
(H), 

(6.74) 
(6.75) 

(6.76) 

(6.77) 

(6.78) 
(6.79) 

(6.80) 



(6.81) 
(6.82) 



(6.83) 
(6.84) 
(6.85) 



With above values, it is hard to draw any reliable conclusion. 
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7. CP- Violation in Hadronic Weak Decays of Baryons 

So far we have discussed the CP violation in K° — K° ,B® — B® systems. There is a need 
to study CP violation outside these systems. The hadronic weak decays of baryons and 
antibaryons provide another framework to study CP violation. 
The hadronic weak decays 

N(p) -> N(p') + tt(?) 

is described by the amplitude 

M f = u(p')[A - 76S]u(p) ~ x ] [a s + a p a.n] X (7.1) 

(Note here we have designated a baryon by N, not to confuse with a B-meson and tt is any 

pseudoscalar meson). 

Under charge conjugation (C): 

u(p) -> CU T (p), C = i7°7 2 

Under space reflection (P): 

U W(p) -W')(_ p ) =7Vp) 

Under time reversal (T): 

«W(p) -»• n*(- r )(-p) = fl«W(p), 5 = 7 X 7 3 

Thus, under these transformations 

a p — -i- 

M f -»• -u(p)L4 + 75-BMp') = Mj ~ x 1 {-as + a p a.n) 

M f $u(p')[A* - l5 B*]u(p) 
M f -v(p)[A* + ~f 5 B*]v(p') = Mj (7.2) 

When final state interactions are taken into account, the partial wave amplitudes a s and 
a p acquire sttrong final state phases e" S f and e lS f respectively. Thus with final state inter- 
actions 

CPT 



(/LHlfl}°4 J (f\H\B)* = e 2i5 f (f\H\B)* 



out in out 

Hence under CP and CPT 



M f C 4 Mj = x ] [- Kl e iS f + \ap\ e iS2 ta.n} X (7.3a) 
M f C 4 T -v(p')[e 2iS f A* - l5 e 2i5P f B*]v(p) 
= Mj ~ x f [-e 2 ^a: + e 2i<5 ?a>.n] X (7.3b) 



Hence from Eq ( |7.3a|) , we conclude that CP symmetry gives 

r = T, a = a, P = /3 (7.4) 
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From Eqs fl7jj ) and (|7.3bD , we note that both CP and CPT invariance give the same 
result given in Eq ( [7.41 ), unless the S-wave amplitude A and P-wave amplitude B have 
different weak phases. Hence to leading order, CP-odd observables 



ST 

5a 

8P 



r + r 

a + a 
a — a 



are non zero only if the above condition is satisfied. 

The decays of B(B) mesons to baryon-antibaryon pair N\ N2 (N\ N2) and subsequent 
decays of N2,N2 or (N\,Ni) to a lighter hyperon (antihyperon) plus a meson also provide 
a means to study CP-odd observables as for example in the process, 



e~e + ->B,B-> NiN 2 -> NiN^n, ->■ N^ir 

The decay B — > N\N2(f) is described by the matrix element, 

M f = F q e +i<t> [u(pi)(A f + l5 B f )v(p 2 )} 
where as B — > N\N2(f) is described by the matrix elements 



M' 



f 



(p2)(A'j + ~f 5 B'j)v( Pl ] 



(7.5) 



(7.6) 



where F q is a constant containing CKM factor, <j> is the weak phase. The amplitude Af 
and Bf are in general complex in the sense that they incorporate the final state phases 
Sp and S{ and they may also contain weak phases 4> s and 4> p . Note that Af is the parity 
violating amplitude (p-wave) whereas Bf is parity conserving amplitude (s-wave). The 
CPT invariance gives the matrix elements for the decay B — > AqiV"2(/) : 



M f = F q e 



u(p 2 )(-A}e 2 ^ + l5 B}e 2 ^)v(pi] 



if the decays are described by a single matrix element Mf. If 
CP invariance give the same predictions viz 



/ 



a 



f 



-a f , 



P 



f 



-Ph 



7/ = 7/ 



In order to test these predictions, consider for example the decay 



Bd 

if 
Bd 



pA c — > ppK° 
pA^ — > ppK° 



(7.7) 

then CPT and 
(7.8) 



(7.9) 
(7.10) 



By analysing the final states ppK°, ppK" one may test a-j = —af for the chamed hyperon 
(antihyperon) decays. 
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8. Conclusion 



1. Discrete symmetries are not universal both C and P are violated in weak interac- 
tion but respected by electromagnetic and strong interaction. Violation of C and P 
are incorporated in the basic structure of weak interaction by assigning left-handed 
fermions to the doublet and right-handed fermions to the singlet representation of 
electroweak unification group. 

2. Unlike C and P violation, CP violation does not embrace all weak processes. CP 
violation is observed in the semi-leptonic and weak hadronic decays of mesons. 

3. Effective weak interaction Lagrangian in the standard model can accommodate CP 
violation to mismatch between mass eigenstates and CP eigenstates and/or mismatch 
between weak eigenstates and mass eigenstates at quark level. The mixing induced 
CP violation involves the mass difference Am b and Am b s ■ 

4. There is no evidence of CP violation in lepton sector and in processes involving 
neutral currents. The effective weak interaction Lagrangian of the standard model 
cannot accommodate CP violation in these sectors. Any experimental observation 
of CP violation in these sectors would indicate, physics beyond the standard model. 

5. There is no evidence of CP violation in D° — D° complex. D° and D° being bound 
states of first and second generation quark and anti-quark; no weak phase in CKM 
matrix is available to generate CP violation in D — D complex. Any observation 
of CP violation in these sector would indicate, physics beyond the standard model. 



6. With three generations of quarks, with one phase no extra phase is available to gener- 
ate the mismatch between CP and mass eigenstates for B^ — Bg complex. The mixing 
induced CP asymmetries for the decays B® ->■ J/ip(j) and B® ->■ K + (K~ D s *^ + ) 

Am B /T s 
A J/ip<p = -sin2/3 5 — - — 

i + (Am B jr s y 

= 0, /3 S = in standard model 

S+ + S 



dPk 



oc sin(2/3 s + 7) 
= sin 7, in standard model 



The experimental determination of these CP asymmetries in future experiments when 
enough data on B® decays would be available will be crucial for any extension of the 
standard model from three generations of fermions to four generations of fermions. 

Finally for baryon genesis, both C and CP violation are required. How the CP 
violation in meson sector is related to CP violation required for baryongenesis? There is 
no answer to this question yet. 

For a review see for instance refs (1-5) 
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